Soft-shelled clams, Mya arenaria, and razor clams, Tagelus plebeius, in Chesapeake Bay 26 have been in decline since the 1970s, with severe declines since the early 1990s. These declines 27 are likely caused by multiple factors including warming, predation, habitat loss, recruitment 28 limitation, disease, and harvesting. A bivalve survey was conducted in Chesapeake Bay to 29 examine influential factors on bivalve populations, focusing on predation (crab, fish, and 30 cownose rays), habitat type (mud, sand, gravel, shell, or seagrass), environment (temperature, 31 salinity, and dissolved oxygen), recruitment, and disease. M. arenaria and T. plebeius were 32 found more often in more-complex habitats such as seagrass or shell than any other habitat. 33
INTRODUCTION
suction samples were regressed against site-average densities from hydraulic dredging for both 208 M. arenaria and T. plebeius. Mya arenaria densities calculated using suction sampling were 3.58 209 times higher than those calculated from hydraulic dredge samples (R 2 = 0.95; Supplementary 210 Fig. 1a) ; thus, suction sample densities for M. arenaria were reduced by a factor of 3.58 to allow 211 both data sets to be analyzed together. Densities calculated for T. plebeius using both methods 212 were in close agreement (slope = 1.10, R 2 = 0.90; Supplementary Fig. 1b ), so the raw data sets 213 were combined for analyses. Suction samples appeared to collect more small and large Mya 214 arenaria (mean 42.33 mm, SD 13.73 mm; Supplementary Fig. 2a ) than dredge sampling (mean 215 40.22 mm, SD 5.42 mm; Supplementary Fig. 2b ), indicating that the discrepancy in densities was 216 not an artifact of hydraulic dredge mesh size. Biomass of both M. arenaria and T. plebeius from 217 the lower Bay was determined as ash free dry weight of bivalves dried in a drying oven for 24 218 hours, and ashed in a muffle furnace at 550 °C for five hours; bivalves in the upper Bay were not 219 processed for biomass. 220
The long-term trend of M. arenaria recruitment in Maryland was evaluated using data 221 from surveys conducted by SERC in the Rhode River, Maryland. Benthic core samples were 222 collected approximately quarterly (typically March/April, June, October, December) at two 223 sandy subtidal sites from 1981-2016. Cores were 10.2 cm in diameter and 35 cm long. Seven 224 core samples were taken per site on each sample date and animals retained on a 500 µm sieve 225 were preserved in 10% buffered formalin and stained with rose Bengal. All M. arenaria were 226 measured for shell length and individuals <10 mm shell length were considered recruits. The 227 total number of recruits in each year was calculated by site and then averaged across the two 228 sites to provide an index of annual recruitment. were used to analyze the data: presence/absence was modeled with a binomial generalized 260 additive model (GAM, logit link), and non-zero densities were modeled with a Gaussian GAM 261 (identity link) on log-transformed data. GAMs for T. plebeius included the following as 262 parametric predictors: temperature (°C), salinity, dissolved oxygen (mg L -1 ), ray pit density (m   -263 2 ), crab density (m -2 ), fish density (m -2 ), and habitat (5 categories: gravel, mud, sand, shell, and 264 seagrass). Mya arenaria were rarer and data contained many more zeroes than T. plebeius; to 265 meet assumptions, habitat was reduced to two categories (simple, including mud, sand, and 266 gravel; and complex, including seagrass and shell) in both presence/absence and non-zero 267 density models, and the presence/absence model was run only on spring/summer data for 2012. 268
Perkinsus sp. infection intensity rank-score was modeled as a log-transformed continuous 269 variable using a Gaussian GAM (identity link). Disease GAMs for M. arenaria and T. plebeius 270 included the following as parametric predictors: temperature (°C), salinity, dissolved oxygen (mg 271 L -1 ), bivalve length (mm), and bivalve density (m -2 ). To account for trends in data across space, a 272 two-dimensional spline (trend-surface) was fit on latitude and longitude for all GAMs (Cressie 273 1993). To account for trends in time, sampling day was fit in each model using a spline with a 274 kernel smoothing function (Kohn et al. 2002) . The number of knots (k) in each model was 275 chosen automatically using a Generalized Cross-validation (GCV) optimizer, except for the 276 13 presence/absence model for M. arenaria, which was fit with a spline of order k = 2 because only 277 two seasons were modeled, and the GCV optimizer produced a model with skewed residuals. For 278 all GAMs, model assumptions were assessed visually using residual and quantile-quantile plots. The highest densities of Mya arenaria were in the spring, with declining density through 329 the fall (Fig. 4a) . Tagelus plebeius densities did not show consistent seasonal trends over the 330 study period. In the lower Bay, T. plebeius densities were the lowest in spring 2012, increased 331 through the summer and fall, and then remained high (generally 15-20 m -2 ) and stable through 332 2013 (Fig. 4b) . In contrast, in the upper Bay the clearest seasonal trend involved a pulse of T. 333 plebeius in spring 2012 (~5 m -2 ) which disappeared through the summer and fall (Fig. 4a) . 334
Within each season, there were some differences in M. arenaria densities among habitats: 335 M. arenaria were very rarely found in gravel, were found in mud and sand mainly in the spring, 336 and had a tendency towards high but variable densities in seagrass throughout the seagrass 337 growing season (Fig. 5a ). The odds of finding M. arenaria in seagrass or shell were 392.04 times 338 greater than in less-complex habitats such as mud, sand, and gravel. When M. arenaria were 339 present, densities in seagrass or shell were 2.15 times greater than in less-complex habitats such 340 as mud, sand, and gravel. The odds of finding M. arenaria decreased as temperature increased, 341 and when they were present, M. arenaria density was negatively correlated with dissolved 342 oxygen ( Table 2 ). There was no significant relationship between M. arenaria density and 343 predator density (Table 2) . 344
Tagelus plebeius density in seagrass was higher than in less-complex habitats in most 345 seasons (Fig. 5b) . The odds of finding T. plebeius in seagrass were 11.65 times greater than in 346 mud (significant at α = 0.10), 3.95 times greater than in sand (significant at α = 0.10), and 11.28 347 times greater than in shell (significant at α = 0.05). When T. plebeius were present, densities in 348 sand were 4.63 times greater than in gravel, 5.39 times greater than in seagrass, and 4.74 times 349 greater than in shell. High densities in sand were only observed in the spring (Fig. 5b) . High 350 densities of T. plebeius were also observed in shell, though this was not significant in the models 351 (Table 2 ). When they were present, T. plebeius density increased with salinity (Table 2 ). There 352 was no significant relationship between T. plebeius density and predator densities (Table 2) . (Fig. 7a) . Infection intensity in M. arenaria increased 54.9% for 362 each degree increase in temperature, and increased 6.7% for each mm in shell length (Table 2) . 363
Mya arenaria infection intensity was positively correlated with temperature, salinity, and 364 dissolved oxygen (Table 2) . Infection intensity for M. arenaria on the Western Shore of 365
Maryland was 1.54 times higher than for M. arenaria on the Eastern Shore in Eastern Bay or the 366
Chester River (p = 0.03, d = 0.02; Fig. 7a ). The mean infection intensity for T. plebeius was light 367 to moderate and was 1.57 times greater than that for M. arenaria (p < 0.001, d = 0.03; Fig. 7b) . 368
Mean infection intensity for T. plebeius decreased by 16.3% with each unit increase in salinity, 369 and increased 21.2% with each unit increase in temperature (Table 2) . Infection intensity 370 increased with T. plebeius size (3.6% for each mm of shell length; Table 2 ). Disease intensity for 371
T. plebeius and M. arenaria did not increase with bivalve density (Table 2) Mean infection prevalence for both bivalve species increased with temperature and dissolved 378 oxygen, and prevalence also increased with salinity for M. arenaria (Table 2) . Infection 379 prevalence increased with bivalve size for M. arenaria, but not for T. plebeius (Table 2) . 380
Infection prevalence and intensity were not related to M. arenaria or T. plebeius densities (Table  381 2). In the lower Bay, where 30 juvenile M. arenaria were assayed, hypnospores were present in 382 two individuals at very low infection intensities (ordinal rank 0.05). 383
Prevalence of infection was moderate to high between 2000 and 2013, with mean 384 infection rates of 68.46% for M. arenaria and 81.86% for T. plebeius (Fig. 8a) and Rhinoptera bonasus (Blundon and Kennedy, 1982b; Fisher, 2010) , it is unlikely that predator 524 switching will provide much relief. However, both species appear able to take advantage of 525 refuge provided by complex habitats. Habitats such as seagrass and shell allow both bivalve 526 species to persist at a low-density refuge, which may be stable. Further work should focus on 527 predator-prey interactions, elucidating the existence and stability of low-density refuge habitats, 528 the effect of population declines on exosystem services such as filtration, and the likelihood that 529 thin-shelled bivalve species may persist, recover, and sustain commercial fisheries in 530 Chesapeake Bay. 
